Wound repair is a key feature distinguishing living from nonliving matter. Single cells are increasingly recognized to be capable of healing wounds. The lack of reproducible, high-throughput wounding methods has hindered single-cell wound repair studies. This work describes a microfluidic guillotine for bisecting single Stentor coeruleus cells in a continuous-flow manner. Stentor is used as a model due to its robust repair capacity and the ability to perform gene knockdown in a high-throughput manner. Local cutting dynamics reveals two regimes under which cells are bisected, one at low viscous stress where cells are cut with small membrane ruptures and high viability and one at high viscous stress where cells are cut with extended membrane ruptures and decreased viability. A cutting throughput up to 64 cells per minute-more than 200 times faster than current methods-is achieved. The method allows the generation of more than 100 cells in a synchronized stage of their repair process. This capacity, combined with high-throughput gene knockdown in Stentor, enables time-course mechanistic studies impossible with current wounding methods. 
Wound repair is a key feature distinguishing living from nonliving matter. Single cells are increasingly recognized to be capable of healing wounds. The lack of reproducible, high-throughput wounding methods has hindered single-cell wound repair studies. This work describes a microfluidic guillotine for bisecting single Stentor coeruleus cells in a continuous-flow manner. Stentor is used as a model due to its robust repair capacity and the ability to perform gene knockdown in a high-throughput manner. Local cutting dynamics reveals two regimes under which cells are bisected, one at low viscous stress where cells are cut with small membrane ruptures and high viability and one at high viscous stress where cells are cut with extended membrane ruptures and decreased viability. A cutting throughput up to 64 cells per minute-more than 200 times faster than current methods-is achieved. The method allows the generation of more than 100 cells in a synchronized stage of their repair process. This capacity, combined with high-throughput gene knockdown in Stentor, enables time-course mechanistic studies impossible with current wounding methods.
microfluidics | single cell | wound healing | microguillotine | Stentor coeruleus W ound repair is an essential biological process for maintaining homeostasis and, ultimately, for survival. Compared with tissue-level wound healing, how individual cells heal wounds and regenerate damaged or lost cellular structures is less understood (1) . Nevertheless, there is increasing recognition that single cellssuch as muscle cells and neurons-are capable of wound repair (1) (2) (3) . Understanding how single cells repair themselves is critical for determining fundamental cellular functions, and eventually for revealing how wound-induced diseases such as muscular dystrophies develop.
Thus far, studies of single-cell wound response have been performed in a few model organisms (1, 4, 5) . In particular, studies performed in Xenopus oocytes elegantly leveraged the unique advantages of the oocyte system, including the large size and the ability to create and visualize a wound in the focal plane of the microscope, to shed light on cellular components participating in wound healing and to reveal their dynamic interactions through live cell imaging. Nevertheless, as with any model system, Xenopus oocytes are better suited to some types of experiments than to others. For example, oocytes are transcriptionally inactive and are preloaded with large stockpiles of mRNA; they are thus not a good system for investigating transcriptional response to wounding. To interfere with protein production in Xenopus oocytes, morpholino oligonucleotides are injected to inhibit mRNA translation to prevent protein production (6) . This method is expensive due to the high cost of synthesizing morpholino oligos. The need to inject cells one at a time also limits the throughput of the approach. In addition, because oocytes are loaded with maternally derived protein, protein depletion may be incomplete even when translation is entirely blocked. It is also a potential concern that the morpholino injection process inevitably wounds the cells. By the time one performs wound-healing assay the cells may have already undergone a wound-healing cycle and may therefore be in an unusually primed state. As such, there is a need for a complementary system to Xenopus oocytes that would be more amenable to high-throughput gene knockdown approaches and transcriptional profiling analysis. Ideally, such system should be compatible with simple and cost-effective methods for altering gene expression, such as RNAi by feeding, to facilitate the study of a large number of cells without wounding the cells during the gene alteration process.
Here, we use Stentor coeruleus as a model organism for single-cell wound repair studies because it satisfies such requirement (7) (8) (9) . Stentor is a single-celled ciliate protozoan that is up to 1 mm long. They exist as single cells and are regularly wounded under physiological conditions (e.g., attacks by predators) (10) and are known to be capable of recovering robustly from drastic wounds and regenerating from cell fragments as small as 1/27th of the original cell size (11, 12) . Stentor was a popular organism in the early 1900s (11) but was never developed as a molecular model system partly because culturing in large quantities was difficult. With the advent of low-input next-generation sequencing tools, it has become feasible to develop Stentor as a model organism. The genome of Stentor has recently been published (9) . We have also demonstrated the utility of RNAi to knock down gene expression, by feeding Stentor bacteria containing an expression plasmid encoding dsRNA that targets genes of interest (7, 8) . Stentor thus offers a substantial technical advantage over Xenopus oocytes for high-throughput knockdown studies.
To take full advantage of high-throughput gene knockdown, a method is required for wounding cells in a concomitantly highthroughput manner. Rapid, high-throughput wounding is also critical for ensuring sufficient time resolution in subsequent observations, because wound repair is intrinsically a dynamic process. In Stentor, regeneration is resolved into a series of morphological steps, each of which takes about 1 h (13). Any study that aims to Significance Whereas tissues can repair wounds regularly, single cellsincluding muscle cells, neurons, and cancer cells-are increasingly recognized to have a wound response. Ability to understand and control single-cell repair holds the potential for new strategies to treat human diseases. Existing wounding methods and model organisms are insufficient for elucidating the biological mechanisms involved. This paper reports a microfluidic guillotine for the high-throughput bisection of hundreds of cells reproducibly. The fine time resolution achieved enables mechanistic studies critical for a molecular understanding of single-cell wound repair currently impossible with existing wounding methods. The work here will lay the foundation for understanding how single cells heal themselves, a fundamental feature distinguishing living from nonliving matter. probe the mechanism and time evolution of wound repair will require a method that can generate a large number of cells wounded on a time scale that is short compared with the time scale of repair, so that all cells are relatively synchronized in their stage of the process. Unfortunately, the traditional wounding method based on the manual manipulation of glass needles is too slow to meet this need (14, 15) . It takes ∼3 min to wound one cell depending on the skill of the experimenter. Obtaining 100 cells would take 5 h, during which much healing and regeneration would have already occurred. Additionally, wounding groups of cells to the same degree is challenging, because controlling wound size with manual cutting is difficult. It is thus impossible to perform time-course experiments involving analysis such as RNA sequencing, which typically requires hundreds of cells.
An alternative method using laser ablation has been applied to introduce wounds in other cell types (16) (17) (18) (19) . Laser wounding is directly compatible with imaging-based analysis because it can be performed through the same microscope that is used for subsequent imaging. The throughput is relatively low, however, because the laser spot has to be repositioned and refocused to wound each new cell. The ideal wound-healing assay for our purposes should introduce wounds at a throughput much higher than that allowed by traditional manual dissection methods.
In this paper, we aim to solve the above limitations by using a microfluidic guillotine device to automate the cutting of Stentor cells in a continuous-flow manner. Instead of moving a sharp object (e.g., a knife) against a relatively immobile cell (20) , we flow the cell into a knife with a fixed position inside a microfluidic channel. Our design has two key advantages: (i) The confinement of the cell in the microchannel allows simple positioning of a cell to the knife, and (ii) it facilitates the processing of a continuous stream of cells in a flow-through manner, because cut cells can be flushed out of the channel easily. In the first demonstration of principle, we focus on the bisection of cells. We monitor the shape of the cell during the cutting process at different applied flow conditions and measure the subsequent cell viability. We believe that our microfluidic platform will lay the foundation critical for using Stentor to understand how single cells heal wounds and regenerate.
Results and Discussion
Design and Validation of the Microfluidic Guillotine Device. Fig. 1A shows a scheme of the microfluidic guillotine device. The knife consisted of a simple triangular blade made in polydimethylsiloxane (PDMS). A cell injected into the microchannel was cut at the knife, and the two halves of the cut cell ("fragments") flowed into the two outlet channels. We found that the PDMS knife was sufficiently stiff and effective to cut Stentor, although PDMS is relatively soft (Young's modulus ∼500 kPa). In all our experiments we did not observe any deformation in PDMS itself. Although we have not measured the Young's modulus of Stentor, we expect its value to be close to that of unicellular Dictyostelium (∼1-8 kPa) (21) , about 100 times smaller than that of PDMS. To facilitate the efficient cutting of Stentor we used channels with dimensions smaller than the size of a cell (Table S1 ). This confinement ensured the cells were cut at the knife and prevented them from bypassing the knife and flowing into one of the outlets without being cut. To ensure cells were cut into approximately equal halves we included fluidic shunts immediately downstream of the knife. The shunts helped to equalize the pressure in the two outlets and to avoid disturbance to the cutting process arising from changes in the fluidic resistance at the outlet (22, 23) . Fig. 1B shows images of the cell during the cutting process at a flow rate of Q = 0.36 mL/h. The cutting process involves three basic steps. (i) The cell comes into contact with the knife tip.
(ii) The cell extends into the two branches downstream, but its rear end remains attached at the knife tip. (iii) As the cell continues to extend downstream, the rear end of the cell at the knife tip decreases in thickness and stretches into a thin thread, which eventually snaps off and the cell is split into two fragments that flow downstream separately.
To validate our microguillotine, Fig. 1C shows images of the regeneration of two cell fragments at different times after a single cell was cut by our device. Fig. 1D shows a similar set of images from a different cell cut manually using a glass needle. See Movies S1 and S2 for corresponding videos. Both cells cut by our device and by hand were able to survive and regenerate normal morphology within 24-48 h. The typical Stentor cell cycle length is 3 d (24), and we observed that cells cut with either method survived for at least 5 d, at which point they had often undergone cell division to form new cells. These observations show that the cells had recovered important features indicating viability.
Effect of Applied Viscous Stress on Cell Deformation and Survival. Fig. 2 shows the effect of the applied flow rate at a fixed blade angle of 6°. We have chosen to use this blade angle because we were able to obtain the highest cell survival rate at ∼97% compared with large blade angles (Fig. S1) . Based on the cell extension length and survival data, we separated the flow into two regimes: regime I (v ≤ v c ), and regime II (v > v c ), where v c ∼1.5 cm/s.
In regime I, the viscous stress was low. The cells spanned the whole width of the channel before, during, and at the completion of the cut ( Fig. 2A and Movies S3 and S4). The cell did not undergo large deformation. The maximum extension length was small, « max K 2 (Fig. 2B) . In this paper, the extension lengths reported were normalized to the length of the major axis of the uncut cell before it contacted the knife (Materials and Methods). In addition, the cells always split at the knife tip into two cell fragments that were approximately equal in size. The difference in the size of the two fragments was, on average, 10-16% of the mean size of the two cell fragments. Although we were not always able to differentiate the membrane from the cell content using our imaging setup, the membrane seemed to rupture only at the knife tip at the end of the cutting process in most of the cuts. The cell content typically stayed inside the cell during the entire process. The cell survival rate was above 90% (Fig. 2C) .
In regime II, the applied flow rate-and thus the viscous stress experienced by the cells-increased. We observed changes in the morphology of the cell distinct from that in regime I during the cutting process. Whereas the cells spanned the whole width of the channel before the cut, they became highly stretched during the cut and did not span the whole width of the channel before the cut completed ( Fig. 2A and Movie S5). The membrane rupture was no longer confined to the rear end of the cell at the knife tip. The membrane often tore at multiple locations downstream of the knife and led to spilling of cell content. The extension length increased with velocity, reaching « max ∼3 (Fig. 2B) . Because we could not easily identify the cell membrane, the increased extension length reported here was contributed by both an increase in membrane deformation and an increase in cell content spilled out. As velocity increased the cells also tended to split into two or more fragments at random locations downstream of the knife tip. The sizes of the fragments were, therefore, less uniform than those cut in regime I. The corresponding cell survival rate also decreased from close to 100% to ∼60% (Fig. 2C) .
In our design there are two possible sources of stress that can act together to cut the cell. The first source arises from the cell pushed normal against the knife by the fluids. This stress could lead to a cutting mechanism where the knife tip penetrates the cell membrane, followed by the splitting of cell content into two halves. The second source is a viscous stress provided by the flow around the cell. This stress tends to lead to the tearing of the membrane. Depending on the detailed local hydrodynamics and mechanical properties of the cell, the rupture could occur at the tip of the blade or other parts of the cell.
In regime I, it was unlikely that the knife had penetrated the cell membrane upon initial contact. Instead, the cells were often observed to wrap around the knife blade without being punctured initially. As the cell continued to flow downstream the membrane at its rear end stretched and eventually pinched off at the knife tip (Movie S4). The pinch-off was driven primarily by viscous stress close to the knife tip. The degree of membrane rupture seemed to be relatively small and confined to the rear end of the cell only (Fig. S2) . In regime II, the pressure exerted on the cell by the knife at the flow rates applied could approach that needed to penetrate the membrane. It thus became possible that the knife had punctured the membrane as the cell first contacted the knife, although an improved imaging setup will be necessary to verify this process. Nevertheless, in this regime the high viscous stress experienced by the cell led to an increased extension of the cell and caused membrane ruptures at multiple locations downstream of the knife tip. The predominant way that cells were cut arose from these ruptures, which led to the splitting of the cell into fragments of different sizes along with extensive spilling of the cytoplasm.
Transition from Regime I to Regime II. The identification of the threshold velocity has immediate practical value in guiding the choice of channel geometry and experimental conditions. Because cell survival decreased rapidly in regime II, the maximum velocity to cut the cells to achieve a high throughput of cutting while maintaining cell viability is at the threshold velocity when regime I transitions to regime II.
To probe why the transition occurred at a velocity of v c ∼1.5 cm/s would require further characterization of the mechanical properties of Stentor. The properties of the cell membrane and cell content are highly nonlinear, anisotropic, and heterogeneous and are an active area of research (25, 26) . Interestingly, we found that the morphology of the cell during the cut was similar to that of a shearthinning viscoelastic drop, which also exhibited a transition from regime I to regime II when we increased the velocity of flow above a critical velocity (Fig. S3) . Such similarity suggests that the critical velocity for the cutting of the cell in our device could perhaps be modeled without having to consider the entirety of the complex internal structure and rheology of the cell.
The Relationship Between Cell Deformation and Survival. Fig. 2 B and C show that, in general, cell extension or deformation was inversely related to survival rate. The increased spread of data in regime II reflects that the location where the cell split, the number and the size of the cell fragments, and the corresponding wound sizes were less controlled than that in regime I. The relationship between cell extension and survival here is qualitatively consistent with previous work that reported that large deformation increased the strain on the surface of the cell, and thus the likelihood of cell lysis and cell death (27, 28) .
There are key differences between the cells studied previously (e.g., human prostate primary adenoma cancer cells and mouse myoblasts) and Stentor, however. For example, when the cell membrane expanded beyond ∼50%, the viability of human prostate primary adenoma cancer cells was reported to decrease rapidly as evidenced by cell lysis (27) . However, most of the Stentor cells survived in regime I even though their normalized extension length increased to « max ∼2, corresponding to up to a doubling of its apparent surface area. This capability was in part due to the ability of Stentor to deform: We and others have observed that Stentor can contract to 20-25% of its extended length in milliseconds when Table S1 . (B) Micrographs showing the time sequence of the flow of a Stentor cell in the microchannel, the bisection of the cell at the knife, and the subsequent splitting of the two cell fragments into two separate outlets downstream. (C) Micrographs of the regeneration process (at time t = 0, 4, 24, and 48 h after the cut) of two cell fragments generated from cutting one cell using the microfluidic guillotine. (D) Micrographs of the regeneration process (at time t = 0, 4, 24, and 48 h after the cut) of two cell fragments generated from cutting one cell using a glass needle by hand. The two fragments (indicated by red arrow at t = 0) were kept in two separate PDMS wells. By t = 24-48 h all cell fragments have regenerated their trumpet shapes. The blue arrows indicate air bubbles that dissolved eventually. Videos of regeneration for A and B are shown in Movies S1 and S2, respectively. stimulated mechanically (29) (30) (31) . Left undisturbed, Stentor returns to its extended state in a few seconds. In addition, Stentor survived after being split into two fragments, during which the membrane must have opened (and the cell must, therefore, have been "lysed"). Indeed, Stentor have been observed to be capable of recouping the cytoplasm from membrane ruptures and surviving afterward (32) , as well as surviving grafting experiments in which two cut cells were fused together at the site of the cuts (33, 34) . These results, along with those presented in this paper, indicate that membrane rupture alone did not lead to immediate cell death in Stentor.
Nonetheless, cells undergoing large deformation in regime II also tended to have increased membrane ruptures that led to increased spillage of the cell content. We believe that the increased loss of cell content eventually led to decreased cell survival here. To probe the degree of membrane rupture, we used a small, negatively charged fluorophore, bis-(1,3-dibutylbarbituric acid)trimethine oxonol [DiBAC4(3)], which is typically membrane-impermeable (35, 36) . It can enter depolarized cells and bind to intracellular proteins or membranes to exhibit increased fluorescence intensity. Fig. 3 shows that when the cell was intact, DiBAC4(3) could not permeate the membrane and was barely fluorescent. When the cell was cut, its membrane ruptured. Stentor, having an approximate resting membrane potential of −50 mV, became depolarized (37) . At the same time, the intracellular proteins became exposed to the media containing DiBAC4(3). The fluorescence intensity of DiBAC4(3) increased from that in intact cells.
In general, fluorescence intensity should increase with increasing wound size because more DiBAC4(3) could enter the cell and interact with intracellular proteins. Indeed, the fluorescence intensity of DiBAC4(3) in cells cut in regime I was not significantly different from that in uncut cells. In contrast, the fluorescence intensity in cells cut in regime II was, on average, 20 times higher than in uncut cells. The location of the fluorescence also correlated with the part of the cell where the membrane seemed to be missing (Fig. 3A) . These observations confirm that the wound size was smaller when the cells were cut under low viscous stress than when they were cut under high viscous stress, in agreement with the measured cell extension and survival data in Fig. 2 B and C. We note the spread of the fluorescence data were larger in cells cut in regime II than in cells cut in regime I. For example, there were cells that exhibited fluorescence up to six times higher than the mean in the same experiment. They corresponded to severely wounded cells with visibly disrupted membranes. These cells were unlikely to survive, partly supported by the fact that dead cell fragments, which have lost their membrane integrity, were even more fluorescent than the severely wounded cells. There were also cells that exhibited low fluorescence (<1,000 in absolute fluorescence intensity, Fig. 3B ) similar to those of cells cut in regime I. These cells were likely to survive. We counted the number of cells that had low levels of fluorescence (n = 20) versus those that were highly fluorescent (n = 11), and the percentage of cells with low fluorescence was about 64%. This value corresponded well with the 60% survival rate in regime II (Fig. 2C) .
Furthermore, we performed the same assay on the cut cells after 24 h. We first identified cells that were alive (Materials and Methods) and then measured the fluorescence of these cells. We found that all cells that survived, whether cut in regime I or II, had low levels of fluorescence. This result indicates that all cells that survived the cut must have also healed the membrane ruptures in 24 h.
Self-Cleaning of the Knife and Increasing Cutting Throughput. After cutting, we observed that cell residues were sometimes left at the knife tip (Fig. 4A) . This observation was similar to that reported in previous studies on the splitting of droplets past an obstacle (e.g., a pillar) in a channel, where a small residual drop was left upstream of the obstacle under certain flow conditions (38, 39) . The cell residue left behind was significantly smaller than the size of the cell (<10% of uncut cell size). This loss of cell mass did not seem to impair the healing and regeneration of the cell fragments. After about 5-10 cuts, however, the knife became blunted due to the accumulation of cell residues, which also started to clog the channels. The cutting of subsequent cells became difficult: Cells The normalized extension length of the cell during cutting and (C) cell survival rates, as a function of cell velocity measured immediately upstream of the knife. The blue and red symbols correspond to experiments performed in 0.2% and 0.5% methylcellulose solutions, respectively. In B, the markers indicate the mean from 7 cells. In C, the markers indicate the mean from four to seven cells from each of the three separate experiments (or total of >15 cells from all experiments). The height of the error bar represents one SD from the mean. The width of the error bar represents one SD from the mean cell velocity at a fixed flow rate as applied from the syringe pump. Fig. 3 . Imaging the degree of membrane rupture. (A) Bright-field (Left) and DiBAC4(3) fluorescence (Right) images of uncut Stentor cell, a cell fragment cut in regime I, and a cell fragment cut in regime II, respectively. These cells were cut at the flow conditions indicated by blue arrows in Fig. 2 B and C. (B) DiBAC4(3) fluorescence intensities from cells cut in regime I and in regime II, where DiBAC4(3) was added immediate after the cut ("0h") or 24 h after the cut ("24h"). The fluorescence intensity of uncut cells is shown as a benchmark. Each marker represents the data for one cell.
would either squeeze through the clogged channel and lose much of their cytoplasm, become stuck at the knife, thereby clogging the channel further, or go down one outlet without being cut.
To generate a sufficient number of cells (>100) for studies such as RNA sequencing, a method to clean the knife was necessary. We found that the encapsulation of Stentor in aqueous drops before cutting facilitated the self-cleaning of the knife (SI Materials and Methods and Movie S6). Surface tension between the aqueous media and the oil facilitated the retaining of cell fragments within the drop, thereby preventing residues from accumulating on the knife (Fig. 4B) . Fig. 4A shows that the knife was still clean after 10 cuts when cells were encapsulated in drops, whereas significant cell residues accumulated after 10 cuts when cells were not in drops. Significantly, we note that the ability to encapsulate and cut cells in droplets makes our method directly compatible with library preparation of cells within droplets for single-cell RNA sequencing and other droplet-based next-generation sequencing approaches.
In previous sections we identified a threshold velocity above which cell viability decreased rapidly at the transition of regime I and II. This threshold velocity sets the fastest rate for cutting a single cell, whether encapsulated inside a drop or not. At the concentration of cells used in our experiments we achieved a maximum cutting throughput of about eight cells per minute in a single microguillotine. To increase the throughput further, we designed a device consisting of eight parallel droplet generators each followed by a knife downstream (Fig. 4C and Fig. S4 ). Using this parallel device we achieved a cutting throughput of 64 cells per minute, >200 times faster than that when cutting cells by hand (Fig. 4D) . Because the time scale for regeneration is about 10 h (13), this throughput is sufficient to generate enough cell fragments that are relatively synchronized in their stage of healing and regeneration for subsequent RNA sequencing experiments. The mean survival rate in cells cut by this parallel device was 94% (measured across three separate experiments), similar to the maximum survival rate for cells cut by a single knife.
Conclusions
We have reported a demonstration of a microfluidic guillotine device for the high-throughput cutting of Stentor. Examining the local cutting dynamics reveals two regimes under which cells are cut. In regime I, the low viscous stress causes the cell to wrap around the knife and cell splitting occurs at the cell's rear end, where the membrane pinches off at the knife tip. Wound size is wellcontrolled, and cell survival is close to 100%. In regime II, the high viscous stress causes the cell to deform extensively. The membrane often ruptures at random locations, generating multiple cell fragments with variable wound sizes. Cell viability decreases rapidly. The threshold velocity at which regime I transitions to II governs the maximum cutting throughput while maintaining high cell viability. Parallelizing the microguillotines increases the throughput to 64 cells per minute, two orders of magnitude faster than that by manual cutting. Our method is therefore capable of preparing hundreds of cells in a relatively synchronized stage of their wound repair, which is intrinsically a dynamic and time-dependent process. The identification of the two regimes of cutting with and without extensive membrane rupture provides opportunities to probe wound healing and regeneration separately. The ability to cut cells inside droplets further allows one to exploit existing droplet microfluidics techniques for next-generation sequencing analysis.
Real-time imaging of the membrane during the cut will allow for the identification of the position and the size of membrane ruptures. The measurement of the mechanical properties of Stentor, such as membrane tension, will further enable the prediction of cell response during the cutting process and will guide the design and the further development of the microguillotine for increased control of wounding.
The development of standardized tools and assays was critical for progress in the field of tissue-level wound healing, because they allowed different perturbations to be compared across samples with similar wound sizes in similar stages of the repair process. Our microfluidic platform presents an important step toward such a standardized assay and is expected to lay the foundation for understanding how single cells repair themselves. Furthermore, it should be possible to adapt our microguillotine design to other cell types. For cells of the size of a few microns or bigger, the soft lithographic method we had used to fabricate the microchannel and the knife can still be used. The material we had used was effective for cutting soft cells such as Stentor. For cells with increased stiffness, polymers (e.g., polycarbonate) with a higher elastic modulus than PDMS can be used. 
Materials and Methods
Analysis of Stentor Morphology During Cutting. To characterize the cutting process in the microfluidic guillotine device we used a high-speed camera (Phantom v7.3) mounted on an inverted microscope with a 5× objective to record videos of the process.
To extract the extension length of the cells we used ImageJ. We defined the extension length to be the length of the cell fragment measured from the tip of the knife to the edge of the cell fragment that was the furthest away from the knife tip. We recorded the maximum extension length of each cell fragment in the frame immediately before the cut was complete, defined as the time when the two cell fragments detached from each other. The maximum extension length was then normalized to the length of the major axis of the uncut Stentor before it contacted the knife. In this paper, we report the normalized maximum extension length as « max . See SI Materials and Methods for more details.
Measurement of Cell Survival Rate After the Cut. To quantify the number of cells that survived the cut we collected the cell fragments from the device into a Petri dish containing pasteurized spring water (PSW). We monitored the morphology of the cells manually under a bright-field stereomicroscope. Because the membrane of Stentor disintegrates quickly after death, we classify a cell to be alive and to have regenerated successfully if (i) it has restored membrane integrity demonstrated by beating cilia and (ii) it is either actively swimming or attached to a surface in its namesake trumpet-like shape 24 h after the cut, a typical duration of time for Stentor to complete regeneration (8) . A grid was drawn on the bottom of the Petri dish to facilitate counting of live cells.
To quantify the survival rate, we measured the number of live cells 24 h after the cut, N post−cut . The survival rate is defined as N post−cut =2 · N pre−cut , where N pre−cut is the number of cells injected into the device, counted manually from the videos of the cutting process. As a benchmark, we compared cuts using our device to cuts performed by hand, the conventional wounding method in previous regeneration studies (8) . To cut cells by hand, we heated a glass capillary over a flame and stretched it into a thin needle (tip diameter ∼30 μm), which was then cooled to room temperature before cutting through a cell that was immobilized in a 2% wt/vol methylcellulose solution. This solution was sufficiently viscous to reduce cell movement during cutting. After cutting, we added PSW to dilute the methylcellulose solution for subsequent monitoring of regeneration.
